Lipid droplets (LDs) are multifunctional organelles consisting of a neutral lipid core surrounded by a phospholipid monolayer and originate from the endoplasmic reticulum (ER) through localized lipogenesis.^[@ref1]−[@ref4]^ Besides being storage depots for fat, LDs have also been recognized as dynamic and metabolically active organelles and their dysfunction has been implicated in many diseases.^[@ref5]−[@ref8]^ Regulations of the size and abundance of LDs are critical processes of metabolic homeostasis. Both the conditions of the increased LDs' size and amount, and the inability to generate or store LDs, are associated with an increased risk of dyslipidemia, atherosclerosis, type 2 diabetes mellitus, coronary artery disease, and cardiomyopathy.^[@ref9]−[@ref13]^ The biogenesis and degradation of LDs, as well as their associations with other organelles, are tightly coupled to cellular metabolism and are critical for buffering the levels of lipid species. Lipophagy is a key regulatory pathway, through the degradation of excess or damaged LDs in a lysosome-dependent manner and the recycling of nutrients, for maintaining homeostasis of LDs in live cells.^[@ref14]−[@ref17]^ Monitoring LDs-related behaviors in vivo (e.g., distribution, morphology, dynamic evolution, and lipophagy) is fundamental to the characterization of LDs and for additional assistance in unraveling the endogenous mechanisms that determine the transitions between adaptive lipid storage and lipotoxicity, which are still poorly understood.^[@ref18]^

Given their size (half to tens of micrometers), LDs are readily detected by transmission electron microscopy (TEM). However, their dynamic changes and behaviors in live cells, for example, associations with other organelles, cannot be visualized by this destructive imaging method.^[@ref14]^ Instead, fluorescence imaging techniques with high spatial and temporal resolution provide an ideal solution for investigating the dynamic processes and functions of LDs in vitro and in vivo.^[@ref19]−[@ref22]^ Today, a variety of fluorogenic probes have already been researched for LDs imaging.^[@ref23]−[@ref27]^ However, there are several inherent limitations on photophysical properties that hamper the full potentials of them as sensitive-specific fluorogenic probes. First, photobleaching is a significant problem in live-cell imaging. The applied high-intensity illumination can reduce the ability of a probe to fluoresce or render it completely unable to fluoresce.^[@ref28]^ Second, most of the aromatic compounds with high hydrophobicity are taken up by cells and subsequently condensed in the hydrophobic core of LDs at a high concentration, resulting in weakened emission evidently due to the aggregation caused quench (ACQ) effect.^[@ref29]^ Third, most LDs-specific probes suffer from severe "self-absorption" because of the small Stokes shift, which certainly compromises the image qualities in the confocal microscopy measurements.^[@ref30]^ Last, some classical probes (e.g., Nile Red) have poor specificity to LDs and stain other hydrophobic structures in cells, resulting in unfavorable signal-to-noise (S/N) ratios.^[@ref31]^ Therefore, an ideal LDs-specific probe at least demands that it can possess strong emission in low-polarity hydrophobic media, even in the aggregated state, as well as the high ability of antiphotobleaching, large Stokes shift, and high specificity to LDs.^[@ref32],[@ref33]^ Another key point to remember is that the desired fluorescent probes should have red and near-infrared (NIR) emission as that results in lower background signal, efficient excitation in thicker tissue samples, and reduced light scattering as compared to probes that emit in the blue to yellow range, rendering them suitable for imaging in vivo.^[@ref34]−[@ref36]^

Herein, we propose an LDs-specific red-emitting fluorogenic probe. It is constructed by employing an electron donor (D)--acceptor (A) system \[termed TPA--LD (TPA, triphenylamine)\] (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref37]^ Because of its hydrophobic nature, TPA--LD can selectively accumulate in LDs, where it can be embedded into the waterless core via a strong hydrophobic interaction.^[@ref38]^ Structurally, because of the D--A architecture and molecular rotor in the molecular skeleton, TPA--LD is prone to exhibiting twisted intramolecular charge-transfer (TICT) characteristics, particularly low fluorescence in high-polarity media. Therefore, we envision a small background emission that is obtained in a high-polarity microenvironment, where strong emission is expected once TPA--LD is incorporated into the LDs because of an inhibition of TICT behavior upon interaction with the hydrophobic domains in LDs, which will certainly offer a favorable S/N ratio.^[@ref39]^ Conspicuously, TPA--LD with remarkable antiphotobleaching property and low toxicity enable long-term continuous LDs monitoring. Such features together with high quantum yields in low-polarity hydrophobic solvents (e.g., hexane φ = 0.87) and large Stokes shift up to 214 nm suggest that TPA--LD has great potential for acting as an LDs-specific fluorogenic probe for dynamic tracking and real-time monitoring of LDs-associated processes, once additional evaluations demonstrate it can satisfy the mandatory requirements of biomedical imaging.^[@ref23],[@ref26]^

![Structure of TPA--LD and the Schematic for the Growth, Fusion, and Lipophagy Process in Live Cells (ICT: Intramolecular Charge Transfer)](ac9b04410_0010){#sch1}

Experimental Section {#sec2}
====================

Reagents and Instruments {#sec2.1}
------------------------

Unless otherwise specified, all reagents including metal ions, glyceryl trioleate, and other chemicals were purchased from Sigma-Aldrich and used as-received. HCS LipidTOX Deep Red, BODIPY 493/503, and LysoTracker Deep Red were obtained from Thermo Fisher. PLIN5-GFP was purchased from GeneCopoeia Company. Lipofectamine 2000 Reagent was purchased from Magen Company (Guangzhou, China).

The fluorescence spectra were collected on a FluoroMax-4 spectrophotometer. UV--vis spectra were measured on a UV-2450 spectrophotometer. Dynamic light scattering (DLS) measurements were conducted on a Malvern Zetasizer Nano ZS90. Confocal microscopy imaging was acquired with a Leica SP8 confocal microscope and 100/63× oil-immersion objective lens.

Synthesis {#sec2.2}
---------

TPA--LD was synthesized and purified according to previously reported procedures.^[@ref37]^

Cell Culture {#sec2.3}
------------

Human Hepatocellular Carcinoma HepG2 Cells, Cervical Cancer HeLa cells, Lung Adenocarcinoma A549 cells, and Mouse Embryonic Fibroblasts 3T3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% antibiotics (penicillin and streptomycin) and then incubated in a humidified 5% CO~2~ incubator at 37 °C with the medium changed every other day. The cells were seeded onto glass-bottom dishes and cultured for 24 h at 37 °C in a humidified atmosphere (95% air and 5% CO~2~) before use. The constructs for PLIN5-GFP were introduced into HepG2 cells according to the manufacturer's instructions.^[@ref40]^

Cell Treatment with Oleic Acid {#sec2.4}
------------------------------

HeLa cells were grown on a 35 mm Petri dish overnight; the cells were incubated with oleic acid (OA) (0.1 mM) and without OA as control at different times (0--6 h) and subsequently stained with TPA--LD (10 μM) for 20 min.

Cytotoxicity Assays {#sec2.5}
-------------------

MTT (5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide) assay was performed to test for any cytotoxic effect of the probe. HepG2 cells were passed and plated to 70% confluence in 96-well plates 24 h before treatment. Prior to TPA--LD or BODIPY 493/503 treatment, DMEM with 10% FBS was removed and replaced with fresh DMEM, and aliquots of TPA--LD or BODIPY 493/503 stock solutions were added to obtain final concentrations of 5, 10, 15, 20, and 25 μM. The treated cells were incubated for 24 h at 37 °C under 5% CO~2~. Subsequently, the cells were treated with 5 mg/mL MTT (10 μL/well) and incubated for an additional 4 h (37 °C, 5% CO~2~). The cells were then dissolved in dimethyl sulfoxide (100 μL/well), and the absorbance at 570 nm was recorded using a microplate reader (Biotek, USA). The cell viability (%) was calculated according to the equationwhere OD~570~ (sample) represents the optical density of the wells treated with various concentrations of TPA--LD or BODIPY 493/503 and OD~570~ (control) represents that of the wells treated with DMEM containing 10% FBS. The percentage of cell survival values is relative to untreated control cells.

Cellular Imaging and Co-Localization {#sec2.6}
------------------------------------

Cells were seeded onto glass-bottom culture dishes and incubated for 24 h at 37 °C with 5% CO~2~. To obtain a better fluorescent signal with negligible cytotoxicity, we added TPA--LD solution to obtain a final concentration of 10 μM and incubated the cells solution for 20 min. Subsequently, 1 μM HCS LipidTOX Deep Red or BODIPY 493/503 was added and the cells solution was incubated for another 10 min. After that, the medium was removed, the cells were washed with phosphate buffered saline (PBS) three times, and then 1.0 mL of growth medium was added into the dishes. Under a confocal laser scanning microscope, the fluorescence image from TPA--LD was recorded using excitation at 480 nm and the emission range 590--690 nm, then the fluorescence image of HCS LipidTOX Deep Red was recorded using excitation at 637 nm and the emission range 645--675 nm, and that of BODIPY 493/503 was recorded using excitation at 493 nm and the emission range 500--510 nm. The three-dimensional animation pictures were generated with packed software by Image J.

Starvation-Induced Autophagy {#sec2.7}
----------------------------

For lipophagy experiments, HepG2 cells were first incubated with TPA--LD (10 μM) for 20 min, then 1 μM LysoTracker Deep Red was added and the cells incubated for another 10 min in serum-free Earle's Balanced Salt Solution (EBSS). After that, the medium was removed, the cells were washed with PBS three times, and then 1.0 mL of EBSS was added to the dishes. For the control experiments, HepG2 cells were incubated with TPA--LD (10 μM) for 20 min, and then 1 μM LysoTracker Deep Red was added and maintained for another 10 min in a rich nutrients medium supplemented with 10% FBS and 1% antibiotics. The fluorescence image from LysoTracker Deep Red was recorded using excitation at 647 nm and the emission range 660--680 nm.

Zebrafish Imaging {#sec2.8}
-----------------

Live zebrafish were raised in an aqueous solution containing 10 μM TPA--LD for 2 h at room temperature. Prior to fluorescence imaging, the fish were washed three times with water. The imaging was conducted using a fluorescence microscope (Leica, Germany).

Results and Discussion {#sec3}
======================

Photophysical Properties of TPA--LD {#sec3.1}
-----------------------------------

First and foremost, the photophysical properties of TPA--LD in solvents with different polarities were investigated ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf), Supporting Information). As reported, molecules with D--A structures are characterized by a prominent solvatochromic effect.^[@ref41]^ As shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf), it is clearly observed that TPA--LD exhibits pronounced strong emissions in the solvents with lower polarity and higher hydrophobicity. A large red shift of emissions from 564 nm in hexane to 689 nm in acetonitrile was observed, accompanied by the color changing from yellow to red, which is attributed to the TICT effect ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).^[@ref37]^ As shown in [Figure S1c](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf), there is a linear relationship between maximum emission wavelength versus the solvent polarities with a slope of 9.32 nm per E~T~(30) unit.^[@ref42]^ The TICT effect of TPA--LD can be further explained by the density functional theory (DFT) calculation by using the single-crystal structure of TPA--LD. As depicted in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf), the molecular orbital density of the highest occupied molecular orbital (HOMO) is mainly located on the triphenylamine moiety, whereas the lowest unoccupied molecular orbital (LUMO) was located predominately on the acceptor framework, suggesting strong charge transfer (CT) from the electron donor to the electron acceptor. In the solvents with high polarity, TPA--LD can approach the CT state with considerable conformational change for a higher twist angle via a freely rotatable single bond, which subsequently lowers the excited state energy, resulting in a red shift in the emission band and an intensity decrement.^[@ref37],[@ref38]^ As mentioned above, the continuous condensation of a fluorogenic probe in the hydrophobic core of LDs may induce the ACQ effect. It is therefore necessary to study the fluorescent properties of TPA--LD in the aggregation state to screen the optimal LDs probe. As shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf), the emissions were enhanced dramatically in intensity under the addition of water from *f*~w~ = 30--99%, which hints that TPA--LD has the aggregation-induced emission (AIE) property. The DLS was further employed to determine the aggregation of TPA--LD ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). After that, we investigated the fluorescent behaviors of TPA--LD in a stimulated lipid environment of LDs. Glyceryl trioleate was added into PBS buffer to form an oil/water (O/W) emulsion.^[@ref43],[@ref44]^ As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, TPA--LD in O/W emulsion revealed strong red fluorescence with the emission peak around 630 nm and anti-ACQ behavior at high concentration. Meanwhile, the large Stokes shift up to 214 nm of TPA--LD can efficiently avoid self-absorption.^[@ref37]^ Such exceptional fluorescence properties together with enhanced red emissions in the aggregation state and O/W emulsion make TPA--LD a desired probe for dynamic tracking of LDs.

![(a) Simulation of interaction of TPA--LD in O/W emulsion. (b) Fluorescence spectra of TPA--LD in O/W emulsion with varied concentrations of TPA--LD under 480 nm excitation. (c) Photographs of TPA--LD in O/W emulsion with different concentrations taken under 365 nm UV irradiation. (d) Photographs of TPA--LD in different solvents taken under 365 nm UV irradiation.](ac9b04410_0001){#fig1}

For fluorescent imaging and sensing applications, anti-interference capacity is an important criterion for a probe to act as an effective indicator. To ensure TPA--LD is unaffected by this issue, we tested potential interferences including metal ions and pH. Negligible spectroscopic changes were detected when TPA--LD was exposed to different possible interfering agents ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). This implies that TPA--LD has high stability in a complex biological system. The cytotoxicity and photostability are two other key parameters for biomedical applications. In contrast to BODIPY 493/503, TPA--LD exhibits insignificant cytotoxicity after 24 h incubation at concentrations up to 25 μM and much better resistance to photobleaching ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). These indicate that TPA--LD has superior performance for live-cell imaging.

LDs-Specificity of TPA--LD {#sec3.2}
--------------------------

First, HepG2 cells were incubated with TPA--LD for 20 min and the fluorescence spectra were collected in the range of 590--690 nm with excitation at 480 nm ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). To confirm the precise distribution of TPA--LD in live cells, we performed colocalization experiments using two commercial LDs staining probes, HCS LipidTOX Deep Red and BODIPY 493/503 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)); the merged images revealed that the staining of TPA--LD overlapped very well with that of two commercial markers. The Pearson's colocalization coefficients (*R*~r~) were calculated to be as high as 0.91 for TPA--LD and HCS LipidTOX Deep Red and 0.89 for TPA--LD and BODIPY 493/503, indicating the high specificity of TPA--LD toward LDs. A three-dimensional image was also obtained to gain insight into the high specificity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f). In addition, TPA--LD has also been successfully applied in imaging of LDs in other cell lines as well, such as normal cells 3T3 and cancer cells (HeLa and A549) ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). The high-fidelity targeting of LDs suggests that TPA--LD can be utilized as a reliable imaging tool for additional investigations of LDs physiology.

![Colocalization images of HepG2 cells with TPA--LD (10 μM) for 20 min subsequently with HCS LipidTOX Deep Red (1 μM) for 10 min. (a) Bright field. (b) Red pseudocolor fluorescence of TPA--LD. (c) Green pseudocolor fluorescence of HCS LipidTOX Deep Red. (d) Merged image of panels (a)--(c.) (e) Correlation of (b) and (c). (f) Three-dimensional image of TPA--LD (red fluorescence) and HCS LipidTOX Deep Red (green fluorescence). TPA--LD: λ~ex~ = 480 nm, λ~em~ = 590--690 nm. HCS LipidTOX Deep Red: λ~ex~ = 637 nm, λ~em~ = 645--675 nm. Scale bar: 7 μm.](ac9b04410_0002){#fig2}

Monitoring Fusion and Migration Process of LDs {#sec3.3}
----------------------------------------------

LDs are dynamic organelles and their behaviors are closely related to cellular metabolism.^[@ref45]^ Therefore, we sequentially explored the capacity of TPA--LD in real-time tracking of LDs movements in HepG2 cells. As displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, dynamic LDs in the observed area have moved distinctly in the period of 3 min, and four different pseudocolors were adopted to demonstrate the movements of LDs at different time nodes. Images combined at different time points illustrate the dynamic behaviors of LDs. The schematic illustration of the selected region in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}i clearly shows the process of LDs motion and fusion as well as the dynamic changes in size. Calculations of the average volume during the LDs--LDs fusion process indicates that there is an increase in the total LDs size, which is consistent with previous reports in the literature.^[@ref12]^ To further confirm that LDs remodeling seen in HepG2 cells was the result of LDs fusion, rather than the fusogenic effect of TPA--LD, we performed time-lapse imaging of live cells. Fusion events were both observed in HepG2 cells when stained with chemical fluorescent marker BODIPY 493/503 and protein fluorescent marker PLIN5-GFP (used as a protein fluorescent marker of the LDs surface, which can produce more reliable results) during prolonged imaging under the control conditions ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)).^[@ref46]^

![Fluorescence images of HepG2 cells stained with TPA--LD (10 μM). (a--d) Different pseudocolors are used to illustrate the fluorescence images at time nodes of 0, 1, 2, and 3 min. Merged images at two different times: (e) 0 and 1 min. (f) 1 and 2 min. (g) 2 and 3 min. (h) Bright-field image obtained at 0 min. (i) The simulated dynamic diagram and diameter of the selected area. λ~ex~ = 480 nm, λ~em~ = 590--690 nm. Scale bar: 7 μm.](ac9b04410_0003){#fig3}

Monitoring Dynamic Changes of LDs in Live Cells {#sec3.4}
-----------------------------------------------

Oleic acid (OA) is known to stimulate LDs production in cells.^[@ref25]^ As the LDs content in cervical cancer is comparably less than that in hepatocytes ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)),^[@ref47]^ we used HeLa cells as a model, where more distinguishable changes of LDs were expected before and after addition of OA. Subsequently, the detecting capability of TPA--LD of the dynamic changes of LDs in cells could be easily evaluated. Initially, the LDs of untreated cells were comparatively small and dispersed with a mean size of approximately 0.56 μm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). In contrast, after 2 h of treatment with OA, the number of LDs increased from the original value of 8 to 45 and the size increased as well. After 4 h of treatment, the average size and number of LDs increased even further ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). After 6 h, the number and size of LDs continue to increase and aggregate into larger clusters. The mean fluorescence intensity of LDs showed the same rising tendency as those of quantity and size ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Meanwhile, there was no obvious change in the control group ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). The above experiments demonstrated that TPA--LD can monitor OA-stimulated LDs production, as well as the enlargement of LDs size during the process. These results also encourage us to explore TPA--LD for real-time imaging of intracellular lipophagy processes, the key regulator of lipid metabolism.

![Confocal fluorescence images of HeLa cells treated with 0.1 mM oleic acid (OA) for different time intervals of 0, 2, 4, and 6 h and then the cells were stained with probe TPA--LD (10 μM). (a) Red pseudocolor fluorescence of TPA--LD. (b) Number of LDs change at different times. (c) Average diameter and fluorescence intensity of LDs at different times. Scale bar: 7 μm.](ac9b04410_0004){#fig4}

Imaging Lipophagy in Live Cells {#sec3.5}
-------------------------------

For observation of the lipophagy process, it is of great importance to have available spectra-distinguishable fluorescent marker to stain lysosome. Then the multicolor imaging can be used to investigate the associations between different organelles on the same image. For this purpose, HepG2 cells were costained with Hoechst (a blue marker for the nucleus), LysoTracker Deep Red (a red-emitting lysosome marker), BODIPY 493/503 (a green marker for LDs), and TPA--LD. The obtained multicolor imaging displayed a superior S/N ratio of TPA--LD compared with that of other commercial markers, and no visible cross talk was observed, thus providing clear multichannel imaging ([Figures S12--S14](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). To induce lipophagy, we used nutrient-free medium to culture cells under the starvation condition. The cells were costained with TPA--LD and LysoTracker to visualize LDs and lysosomes, respectively.^[@ref48]^ If LDs and lysosomes are fused in treated cells, more distinguishable yellow fluorescence arising from colocalization of lysosomes (green) and LDs (red) will be observed. Confocal imaging of HepG2 cells were performed at varied time nodes (0--4 h) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In the first hour, the morphology of LDs and lysosomes were distinguishable from each other, and the *R*~r~ values had only a faint fluctuation ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). With prolonged starvation, the morphology of LDs and lysosomes were gradually altered, indicating different lipophagy levels. The *R*~r~ values between TPA--LD and LysoTracker underwent a simultaneous vast increase from the original value of −0.03 to 0.46 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). It can be clearly observed that the number of LDs was reduced ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c), and the reduction in the average size of LDs eliminates the possibility that the decrease in the number of LDs is caused by the fusion process. This indicates an autolysosome formation with the damaged LDs during the lipophagy. We obtained the same results when analyzing the fluorescence images in different regions ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). HepG2 cells cultured with rich nutrients were used as a control ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). There were no changes in LDs size or morphology with time and a negligible overlap of TPA--LD and LysoTracker signals with relatively unchanged *R*~r~ values from −0.22 to 0.06 were observed, indicating that lipophagy is induced by the starvation. The above results verify that TPA--LD can be used for real-time imaging of the dynamic lipophagy process within live cells.

![Fluorescence images of HepG2 cells with TPA--LD (10 μM) and LysoTracker in serum-free medium at different time nodes. (a) Red pseudocolor fluorescence of TPA--LD, green pseudocolor fluorescence of LysoTracker, and merged image of TPA--LD and LysoTracker. White arrows indicate the magnified area. (b) *R*~r~ changes during the lipophagy process. (c) Number and average diameter of LDs changes during the lipophagy process. TPA--LD: λ~ex~ = 480 nm, λ~em~ = 590--690 nm. LysoTracker: λ~ex~ = 647 nm, λ~em~ = 660--680 nm. Scale bar: 7 μm.](ac9b04410_0005){#fig5}

In Vivo Imaging of Zebrafish {#sec3.6}
----------------------------

On the basis of the impressive cell imaging results in live cells and as a proof of concept, TPA--LD was also applied to visualize lipid-rich tissues in live zebrafish (*Danio rerio*). We first examined the background fluorescence of zebrafish without TPA--LD treatment, and no fluorescence was detected with 480 nm excitation ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04410/suppl_file/ac9b04410_si_001.pdf)). Then the zebrafish were incubated with TPA--LD at a concentration of 10 μM for 2 h. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, significant red fluorescence was observed in a well-known lipid-rich area, the yolk sac area.^[@ref26]^ A three-dimensional view in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b clearly displays the distribution of TPA--LD with a high tissue depth of 134 μm, which is a benefit from the red emission of TPA--LD. Furthermore, the time-dependent fluorescence decrements and dynamically changed locations may be ascribed to the result of the cellular metabolic bioprocess, of which the mechanism should be further investigated in future work.

![Zebrafish embryos incubated with TPA--LD (10 μM) at different time nodes. (a) Bright-field image of the zebrafish embryo, red pseudocolor fluorescence of TPA--LD, and merged images. (b) Three-dimensional imaging of zebrafish larvae. λ~ex~ = 480 nm, λ~em~ = 590--690 nm. Scale bar: 181 μm.](ac9b04410_0006){#fig6}

Conclusion {#sec4}
==========

In summary, we have presented an LDs-specific red-emitting fluorogenic probe, TPA--LD, with merits of high red brightness and S/N ratio, strong anti-ACQ ability, high quantum yield, large Stokes shift up to 214 nm, high photostability, and good biocompatibility. The probe is successfully applied not only for the real-time tracking of LDs migration and fusion processes but also for monitoring of the lipophagy process induced by starvation, as well as in vivo three-dimensional imaging of zebrafish. It is demonstrated that TPA--LD has great potential as a tool for exploring the role of extensive lipid storage and dynamics that are highly related to the pathological processes involving LDs in cancer and inflammatory disorders. In addition, the work here also raises the thought that we can screen innovative potential bioprobes from already available chromophores.
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